To investigate the repertoire of autoantibodies in humans, anti-DNA and rheumatoid factor (RF) 
Introduction
The hallmark of autoimmune diseases is the expression of antibodies to normal host constituents. These antibodies serve as markers of diagnostic and prognostic significance and in some instances have been directly implicated in the inflammation and organ damage characteristic of these diseases (1) . De- spite the close association of autoantibodies with pathogenetic events, precursors for these antibodies appear to be present in the B cell repertoire of normal humans as well as animals. Indeed, precursors for two autoantibodies, anti-DNA and rheumatoid factor (RF),' occur with high frequency in the B cell repertoire of normal mice with their numbers exceeding those for some foreign antigens (2) (3) (4) (5) (6) . The function of these autoantibodies is unknown, although they are presumed to provide a beneficial set of specificities either for immunoregulation or cross-reaction with foreign antigens.
Unlike studies with the mouse, which have involved direct enumeration of precursors among stimulated lymphocytes, characterization of the human B cell repertoire for autoantibodies has in general been less direct and based primarily on analysis of monoclonal antibodies, either paraproteins, or products of hybridomas or EBV transformation (7) (8) (9) (10) (11) (12) . Among these antibodies, anti-DNA and RF, as well as broadly reactive autoantibodies termed natural autoantibodies, occur commonly; natural autoantibodies bind DNA as well as other self antigens (6, 9) . On the assumption that monoclonal antibodies or EBV transformants are representative of normal B cell populations, it has been postulated that a high frequency of autoantibody producers resides in the normal human B cell repertoire. Direct analysis of the frequency of human B cell precursors stimulated to produce autoantibodies by polyclonal activators has been reported in less detail (13, 14) .
Recent studies from one of our laboratories have described a system for the in vitro stimulation of B cells at high efficiency (15, 16) . Culture of peripheral blood B lymphocytes with irradiated or mitomycin C-treated T cells stimulated by monoclonal antibodies to CD3 adhered to plastic can lead to antibody production by > 50% of B cells. This system is dependent on contact between B and T cells and presumably involves factors produced by stimulated T cells. Since the precursor frequency of B cells induced to secrete immunoglobulin is much greater with this mode of stimulation compared with other polyclonal B cell activators, it was employed to estimate the capacity of various B cell populations to produce autoantibodies.
In the studies reported herein, we have investigated IgM responses, including anti-DNA and RF, by peripheral blood as well as cord blood B lymphocytes under various conditions of in vitro culture, including anti-CD3 stimulation. Cord blood lymphocytes were evaluated to assess the preimmune repertoire in terms of its requirements for in vitro stimulation, as well as representation of autoantibody precursors. In these experiments, adult T cell populations were used to support B cell expression because of the deficiency in helper T cell function of cord blood lymphocytes (17) . Our data indicate that B cells from normal adults as well as cord blood lymphocytes have appreciable RF and anti-DNA production when induced by anti-CD3, with RF production demonstrable as well with stimulation by Staphylococcus aureus (SA) Cowan I and T cell cytokines. These data support the notion that some autoantibody specificities are ordinarily present in the normal as well as preimmune human B cell repertoire.
Methods
Reagents. Formalinized Cowan-I strain SA was purchased from Calbiochem-Behring Corp., San Diego, CA, and was used at a concentration of 1/60,000 vol/vol. PHA was purchased from Burroughs-Wellcome, Research Triangle Park, NC. 4,B-Phorbol 12-myristate 13-acetate (PMA) was purchased from Sigma Chemical Co., St. Louis, MO and was dissolved in ethanol for use in culture.
Cell preparation. PBMC were obtained from healthy adult volunteers or from umbilical cord blood by centrifugation of heparinized venous blood over sodium diatrizoate/ficoll gradients (Isolymph; Gallard-Schlesinger Chemical Mfg. Corp., Carle Place, NY). Cells were washed three times in Hanks' balanced salt solution before additional processing.
Cell purification. PBMC were separated into T cell-and B cellenriched populations as described (15) . Briefly, PBMC were depleted ofmonocytes and NK cells by incubation with 5 mM L-leucine methyl ester HCI (Sigma Chemical Co.) in serum-free RPMI-1640 (Inland Laboratories, Austin, TX). The treated cell population was washed twice with medium RPMI supplemented with penicillin G (200 U/ml), gentamicin (10 Ag/ml), L-glutamine (0.3 mg/ml), and 10% FBS (Gibco Laboratories, Grand Island, NY), and then was incubated with neuraminidase-treated sheep red blood cells (SRBC). The rosetting and nonrosetting populations were then separated by centrifugation on diatrizoate/ficoll gradients. The nonrosetting cells were obtained from the interface and were again rosetted and centrifuged on diatrizoate/ ficoll gradients to remove residual T cells. The resultant population of B cells contained < 2% esterase-positive monocytes and < 1% T cells as determined by staining with OKT3 and OKTl 1 (American Type Culture Collection, Rockville, MD) pan T cell mAb, followed by analysis with a fluorescence-activated cell sorter. The cells were additionally characterized as containing > 90% CD20-positive B cells and no CD1 6-(Leu-1 lb; Becton Dickinson Immunocytometry Systems, Mountain View, CA) positive NK cells. The sedimented rosette-forming cells from the first centrifugation were treated with isotonic NH4Cl to lyse the SRBC and then were passed over a nylon wool column.
Cells prepared in this manner contained > 95% CD3+ T cells. T cells were treated with mitomycin C before, culture. This was accomplished by suspending T cells in culture medium at -5 X 106/ml and incubating them on a rotator for 45 min at 37°C with mitomycin C at a concentration of40 ,g/ml. Afterward, the cells were washed four times and suspended in culture medium for use.
Generation ofmitogen-stimulated T cell supernatants (TF). T cells were suspended in medium with 10% FBS at a concentration of 5 X 106 cells/ml and incubated with 1 ug/ml ofPHA and 1 ng/ml of PMA for 2 h at 37°C. The cells were then washed and resuspended in fresh culture medium at 5 X 106/ml, 2 ml/17 X 100-mm round-bottomed tube. After 48 h, the supernatants were harvested, filtered, and kept at -20°C until used.
Technique ofcell culturefor generation of immunoglobulin-secreting cells. Microtiter wells were coated with anti-CD3 mAb as previously described (15) . Briefly, the anti-CD3 mAb, 64. Immunoassays. Total IgM, RF anti-DNA, and RF levels were assessed by ELISA by modifications of published methods (3). For total IgM, wells of 96-well polystyrene plates (Dynatech Laboratories, Chantilly, VA) were coated with 2.5 ,ug/ml of F(ab')2 fragments of a goat anti-human F(ab')2 specific reagent (Organon Teknika-Cappel Laboratories, Malvern, PA) in 8 M urea 0.01 Tris pH 7.0; coating antigen for the RF assay was 2.5 ug/ml of rabbit IgG (Sigma Chemical Co.) in 8 M urea 0.01 M Tris pH 7.0 whereas the coating antigen for the anti-DNA assay was single-stranded DNA (Sigma Chemical Co., boiled 10 min and rapidly cooled in ice bath) at 5 ug/ml in standard antigens at 40C, wells were post-coated for 1% bovine serum 1 h at room temperature and then washed three times with PBS containing 0.05% Tween 20 (PBS-Tween). After washing, wells were incubated with dilutions of tissue culture supernatants or control antibodies in PBS-Tween containing 1% BSA. After additional washing, wells were incubated with a 1:400 dilution of a peroxidase conjugate goat antihuman IgM reagent (mu chain-specific; Sigma Chemical Co.) followed by 3,3',5,5' tetramethylbenzidine in 0.1 M citrate buffer containing 1:3000 H202. Optical densities at 380 nm were then measured using a Titertek Multiskan platereader (Flow Laboratories, Inc., McLean, VA).
In these experiments, IgM values were calculated on the basis of a standard curve using purified human IgM (Organon Teknika-Cappel).
ELISA values for RF and anti-DNA assays are reported directly, although all assays contained controls to assure comparability of assay performance. The control for RF determinations was the monoclonal RF GLO (gift of Dr. Dennis Carson, Scripps Clinic and Research Foundation, La Jolla, CA) whereas a monoclonal IgM anti-DNA paraprotein (gift of Dr. Wayne Rundles, Duke University Medical Center, Durham, NC) or an affinity-purified 3I anti-DNA preparation (gift of Dr. Betty Diamond, Albert Einstein College of Medicine, Bronx, NY) were used for anti-DNA assays.
Antibodies to other nucleic acid antigen were also measured by ELISA. For these determinations, poly I and poly dT (products of Pharmacia Fine Chemicals, Piscataway, NJ) were coated to microtiter plates at 5 gg/ml in PBS overnight at 40C while double-stranded DNA (native calf thymus DNA treated with Sl nuclease) was coated at 5
,qg/ml in SSC under similar conditions. Assays with these antigens were performed as previously described.
Results
To determine the capacity and specificity of the ELISA assays for detecting RF and anti-DNA, the activity of control antibodies was assessed. The control for RF was the monoclonal RF GLO while the anti-DNA control was an affinity purified anti-DNA antibody preparation obtained using as antiidiotype column. As shown in Fig. 1 , both anti-DNA and RF levels could be measured over a wide range of protein concentrations, although with these control antibodies, RF activity could be detected at a lower protein concentration than anti-DNA. Both assays were, however, sensitive to at least 0.5 gg/ml of specific antibody. Since individual anti-DNA and RF show a considerable range of binding activities for their respective antigens, the relative sensitivities of these assays cannot be assessed. For convenience, OD values for the ELISA are therefore reported directly. Total IgM values are reported as micrograms per milliliter protein assessed from ELISA using pooled purified IgM as standard. Table II , RF production was observed in general under the same conditions of stimulation as that inducing total IgM, with the highest responses found in the presence of SA + T cell factors as well as anti-CD3-stimulated T cells + T cell factors. Anti-DNA production showed a different response pattern, with antibody levels from cultures stimulated by anti-CD3-activated T cells and T cell factors much greater than those from cultures stimulated by SA and T cell factors. Similar results were noted when responses of adult B cells were examined (Table III) , although some differences were found among individuals in the magnitude of their anti-DNA responses under various stimulating conditions. These differences may reflect the prior state of B cell activation. (Fig. 2) . These results do not exclude, however, the presence of coincidentally produced antibodies to nuclear proteins. In addition to antibodies to ssDNA, small amounts of antibodies to double-stranded DNA could also be demonstrated in some cultures.
Because of reports that human B cells can produce polyreactive antibodies with both anti-DNA and RF activity (18) , the relationship between these antibodies in the cord blood supernatants was tested by inhibition ELISA. Thus, DNA at a concentration of 5 ,gg/ml did not affect RF binding while producing > 50% inhibition of DNA binding; DNA at an inhibitor concentration 10-fold higher (50 ,g/ml) similarly was without effect on RF binding. These results indicate that the predominant RF were not cross-reactive anti-DNA antibodies, but rather a distinct population.
Discussion
The studies presented herein demonstrate that B cells from normal adults as well as cord blood can be readily induced in vitro to produce two autoantibodies, RF and anti-DNA. These findings confirm observations in the mouse on in vitro induction of autoantibodies by normal cells stimulated by polyclonal activators, as well as studies in humans using EBV transformation to elicit antibody production. Together, these studies document the frequent representation of autoantibody B cell precursors among normals, supporting further the notion that these specificities occupy an essential role in the preimmune as well as adult repertoire. The system we have used allows direct evaluation of B cell populations under conditions of intense, non-antigen-specific activation. These cultures provide appreciable antibody production over a period of 7-12 d and are simpler to perform than EBV transformation. In this regard, stimulation of B cells by T cells activated with antibodies to CD3 in the presence of T cell-derived factors appears to produce a more generalized stimulation of B cells than SA plus T cell factors. Thus, whereas SA plus T cell factors caused stimulation of RF without appreciable anti-DNA production, anti-CD3-activated T cells with T cell factors induced both RF and anti-DNA. This pattern was observed in adult as well as cord blood B cells. These results are consistent with previous observations on the preferential induction of RF by SA stimulation (14) and also indicate that B cell stimulation by intact activated T cells is required for induction of anti-DNA antibodies. These results suggest that precursors of RF and anti-DNA-secreting cells may reside within individual subpopulations of B cells with different activation requirements.
The phenotypic and functional properties of cord blood lymphocytes have been extensively evaluated to study the ontogeny of human immune responses. These studies have demonstrated both quantitative and qualitative differences of B and T cell populations that could influence antibody production. Thus, cord blood B cells display intact IgM responses but low IgG and IgA responses in vitro despite levels of surface isotype expression similar to adults (17, 19) . These responses can be elicited by stimulation with EBV but not pokeweed mitogen because of functional disturbances of cord blood T lymphocytes. T cells from cord blood indeed are characterized by deficient helper cell function, suppression of in vitro B cell responses, as well as dysregulation of cytokine production (17, 19, [20] [21] [22] [23] [24] . The ratio ofCD4+ and CD8+ cord blood T cells is also different from adults, but not correlated with the ability to provide help for B cell responses (25) . (17) . Precise quantitation of the magnitude of the induced anti-DNA response in these cultures is difficult because of the heterogeneity in the immunochemical properties of anti-DNA antibodies. Thus, among panels of monoclonal anti-DNA from both mouse and man, there is a marked variability in the specific activity of DNA binding (26, 27) . This value, which has been defined as the concentration of protein producing a given level of DNA binding, likely reflects the avidity of anti-DNA antibodies for DNA antigen as well as the density along the DNA molecule of unique antigenic sites. At present, we do not have data on the specific activity of the anti-DNA induced in these culture systems and therefore cannot measure the total amount of antibody comprising the anti-DNA response; calculation of these values using a monoclonal antibody as an arbitrary control provides at best an approximation of the magnitude of this response. Similarly, it is not yet known whether there are differences in the number of anti-DNA precursors among adults and cord blood B lymphocytes, or the array of anti-DNA specificities represented in these repertoires. In this regard, studies on monoclonal anti-DNA antibodies derived by EBV transformation of lymphocytes from normals, as well as patients with systemic lupus erythematosus, have indicated that lupus patients have a higher frequency of anti-DNA precursors and that these antibodies have higher affinity for DNA (12) . These observations have suggested a role for antigen selection in determining the B cell repertoire during disease. A similar study concerning the nature of such specificities in the preimmune repertoire and their evolution during ontogeny would be informative about the role of normal antigen exposure.
Although the presence of autoantibody precursors in the normal B cell repertoire is now well established, the function of these antibodies and their pathogenic potential remains unclear. One clue to their function is the demonstration that many of these antibodies are polyspecific (or polyreactive) and bind more than one antigen, both self and foreign (28, 29) . Indeed, antibodies with both IgG and DNA binding have been identified among such polyreactive, natural autoantibodies. Many of these autoantibodies are likely to be of only low avidity, although they may play a possible physiological role as the initial defense to foreign antigenic challenge. Because of their wide pattern of reactivity, a limited set of polyreactive antibodies could therefore provide a prompt, albeit low-avidity response to many different foreign antigens, pending the development of more specific, higher avidity antibodies. The expression of these antibodies would not be expected to be pathogenic because their binding to self antigen, like foreign antigen, would have low avidity and their expression would only be transient.
The spectrum of polyreactive binding of the induced antibodies in our cultures has not been determined. It appears likely, however, that polyreactive antibodies with both anti-DNA and RF activity are not prominent components of the induced response and that RF and anti-DNA antibodies are largely nonoverlapping populations, only some of whose members have cross-reactive IgG and DNA binding (18) . Thus, the IgG-binding RF induced in our cultures were not inhibited by soluble DNA even under conditions causing marked inhibition ofanti-DNA. These results indicate that the RF antibodies in highest concentration lacked significant DNA binding activity. Furthermore, RF and anti-DNA production was stimulated under different conditions, since SA and T cell factors induced high levels of RF production without a comparable anti-DNA response, whereas anti-CD3-stimulated T cells induced both. Cross-reactive antibodies with both anti-DNA and RF activity may have been induced in these cultures, although they would appear to be a less abundant fraction of the antibodies.
Because of the efficiency of antibody induction in this system, it should be possible to assess the B cell repertoire for different autoantibody specificities directly in normals as well as various disease populations. Current studies are directed to assessing the anti-DNA response of patients with systemic lupus erythematosus, seeking to identify both quantitative as well as qualitative alterations in composition of the autoantibody repertoire.
